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1 . To assist the applicant in preparing for the oral proceedings scheduled for 
24.10.2006 the following provisional non-binding opinion is transmitted based on 
the amendments received with the applicant's letter dated 25.09.2006.- 

2. The following document is introduced into the procedure and is annexed to this 
brief communication: 

D9: "Fully dispersion controlled triangular-core nonlinear photonic crystal fiber", 
K. P. Hansen et al., OFC 2003 - Optical' Fiber Communication Conference 
and Exhibition - Optical Fiber Communication Conference and Exhibition, 
Postdeadline Papers, PD2 - 1-3 vol.3, (23-28 March 2003). 

3. Claims 1 and 13 introduce subject-matter contrary to Art. 1 23(2) EPC in view of 
the new wording " at least controlled in the center" which infers that the index of 
refraction is only controlled in the center whereas in the original disclosure the 

index is described as gradually decreasing "from the center to the outer 

circumference". 

Furthermore according to the original disclosure, the index of refraction of the 
precise center (axis) of the fiber or fiber preform is not controlled (no member is 
positioned at this point). Thus such an interpretation of "jn the center" also leads 
to an Art. 123(2) EPC objection. 

4. The applicant apparently argues in his letter that according to the invention the 
refractive index is controlled in the centre and this is equivalent to the core. The 
division can see no teaching in the original disclosure of controlling the refractive 
index in the core by arranging longitudinal members. The terms centre and core 
are not equivalent. 

5. D3 destroys the novelty of claims 1 and 1 3 since the center includes members 
having different indices of refraction (col. 5, I. 50-52 "extended core 54 includes 
core 44 and moat 50"). 

6. Since also the term "center" does not give an indication as to its extent, a region 
corresponding to the centers in D1, D2 and D4 can also be understood to include 
a plurality of members (the center can be set arbitrarily). Thus since a filled void in 
D1 can be interpreted to be a longitudinal member, D1 is prejudicial to the novelty 
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Fully Dispersion Controlled Triangular-Core Nonlinear 
Photonic Crystal Fiber 

K. P. Hansen, J. R. Folkcnberg 

Crystal Fibre. VS. Bhkken 84. DK-3460 Birkerod. Denmark 
Phone; +45 43 43 2800. Fax: +45 43 48 28 01. E-mail: kphQcrystalJbre.com 

C. Peucherct and A. BjarkJev 

COM, Technical University of Denmark. Orsfeds Plods 34 5 V. DK-2800 Kss. Lyngby Denmark 
Phone: +45 4525 6352. Fax: +454525 6581. www.com.dtu.dk 

Abstract: We demonstrate the first nonlinear fiber where both dispersion level and slope can be 
fully controlled in a broad wavelength range while maintaining low loss and a high nonlinear coef- 
ficient. Lowest slope obtained is 110°ps/(kmnm 2 ). 
©2003 Optical Society of America 

OCIS codes: (060.4370) Nonlinear optics, fibers; (060.2310) Fiber optics 
1. Introduction 

Nonlinear photonic crystal fibers (PCFs) were among the first fiber types to demonstrate the advantages of the PCF 
technology [1] and they have since then proved their worth in numerous applications. With the introduction of the 
nonlinear telecommunication PCF [2,3] the high index contrast and flexibility of the PCF technology was utilized to 
create a fiber with a very high nonlinear coefficient and zero dispersion at 1 .55 urn. Although showing superior per- 
formance m apphcations like all-optical demultiplexing [4,5], the high dispersion slope of more than -21 0"' 
ps/(knrnm ) hmits the useful spectral bandwidth of the fiber. The slope can be significantly reduced by lowering the 
ratio between hole-size, d, and pitch, A, but at the cost of a considerable increase in both effective area and confine- 
ment loss [6]. Consequently, dispersion-flattened fibers with a d/A on the order of 0.25-0.3 will exhibit a nonlinear 
coefficient 5- 10 times lower than a fiber with a slope of -2-1 0" 1 ps/(km nm 2 ). 

PCFs wrth very low and flat dispersion can also be realized by reducing the hole-size to sub-urn in the inner ring 
around the core. However, this poses significant fabrication challenges and such designs have only been treated 
theoretically [7]. 

The dispersion slope of standard nonlinear step-index fibers is on the order of 210' 2 ps/(kmW). Reduction of the 
slope can be obtained by introducing a depressed cladding region around the core and fibers with a slope as low as 
1.3 10 ps/(km-nm ) have been demonstrated [8J. The limitation in this method of slope reduction is the index con- 
trast between the core and the depressed cladding set by the obtainable doping levels. 

In this paper we demonstrate, for the first time, a new type of nonlinear PCF that features full control of both disper- 
sion level and dispersion slope while maintaining low loss, a high nonlinear coefficient and simple fabrication. 

2. Fiber Design and Characterization 

The fabricated fibers feature a three-fold symmetric hybrid core region comprising an up-doped center element sur- 
rounded by three down-doped regions (doped glass provided by Shin-Etsu Chemical Co., Ltd. Japan) embedded in a 
standard triangular cladding structure (see Figure I A and B). Due to the shape of the core, the near field appears 
three fold symmetric (see Figure 1 C). 
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Fi fTnTJ ff° Mi t Cr05C °P c ° f "^restructured of the fiber. (B) The triangular core region comprises an up-doped 

center element surrounded by three do wn-doped regions and three holes. (C) Contour plot of near field measured at 1 .55 urrT 
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The shown contour plot of the near-field has a logarithmic scale and most of the power is located in the central 
Gaussian-like part. Consequently, coupling to standard step-index fibers is very efficient and the fiber can be spliced 
to step index fibers with a loss of 0.25 dB. 

The hybrid core adds additional flexibility in the design of the dispersion compared to the well-known single core 
triangular cladding PCF. By varying the pitch and hole-size, it is possible to alter the balance between the negative 
waveguide dispersion contribution from the holes and the positive contribution from the down-doped regions, re- 
spectively. The sum of waveguide and material dispersion in the fiber can thereby be altered to obtain the desired 
dispersion profile (see insert in figure 2). The dispersion can be tuned to almost any combination of dispersion level 
and dispersion slope in the range 1400-1700 nm, including zero dispersion and flat slope. The low slope can be 
maintained in a large wavelength range and it is possible to keep the dispersion variation within lps/(kmnm) over 
more than 200 nm. Nonlinear fibers with such a dispersion profile can pave the way for a range of new broadband 
tunable devices like tunable optical parametric amplifiers, wavelength converters, regenerators and all-optical de- 
multiplexers - devices which, until now, have been limited to operation close to 1.55 urn. 

The calculations shown in Figure 2 illustrate how the dispersion can be locked to zero at a single wavelength (in this 
case 1.55um) while the slope can be freely tuned. 

To illustrate the flexibility of the design, we have fabricated a range of fibers with different combinations of pitch 
and hole-size. All fibers are drawn in lengths of 500 m and exhibit a structural uniformity (pitch and hole-size) bet- 
ter than l°/o along the fiber. In Figure 3 are shown measured dispersion curves for a range of fibers drawn with simi- 
lar d/A of -0.5 and increasing pitch in the range 1.34-1 .47 urn. The pitch adjustment allows choosing the disper- 
sion level at a given wavelength or tuning the zero-dispersion wavelength. 
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Figure 2 The dispersion slope can be tuned while maintaining 

a fixed zero-dispersion wavelength (simulated data). Insert 
shows the balance between material and waveguide dispersion 
for a fiber with zero dispersion slope at 1 .55 urn. 
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Figure 3 Measured dispersion of a range of fibers with 
d/A=0.5 and pitch in the range 1 J4- 1.47 urn. The choice 
of pitch determines the dispersion level or zero-dispersion 
wavelength. 



Slope tuning can be obtained by changing the hole-size as illustrated in Figure 4 where the measured dispersion 
of four different fabricated fibers is shown. The dispersion at 1580 nm has been fixed at approximately -1 
ps/(kmnm) and the slope is tuned from -31<T 2 to +1 - JO' 2 ps/(kmnm 2 ) by choosing holes in the range 0.47 - 0.50 



urn 



and a pitch of 1 .48 - 1 .5 1 urn. Fiber 3 has a slope of less than HO* 3 ps/(km nm 2 ), which is, to the best of our knowl- 
edge, more than one order of magnitude lower than the lowest slope ever reported for a nonlinear fiber. A broader 
dispersion curve of an equivalent fiber is shown in Figure 5. The dispersion variation is within 1 ps/km/nm in the 
range 1465-1655 nm.. 

The nonlinear coefficient of the flat slope fiber is approximately 11.2 (W km)"' measured by analyzing the self- 
phase modulation induced nonlinear phase shift from a dual frequency continuous wave source [9]. The nonlinear 
coefficient scales linearly with the slope of the fibers (fibers with negative slope yields higher nonlinear coefficient) 
and a fiber with a negative slope of -2*10 2 ps/(kmW) has a nonlinear coefficient of approximately 12.5 (W-km)' 1 . 
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Figure 4 Measured dispersion of four fibers with hole-sizes in 

the range 0.47 - 0.50 fim and pitch of 1 .48 - 1 .5 1 pjn. The 
choice of structural parameters enables tunine of the slope from 
-3- 1 0" 2 to +11 0 2 ps/OonW). 
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Figure 5 Dispersion curve of an ultra slope reduced fiber. 
The dispersion variation is within 1 ps/Oan nm) in the range 
1465-1655 nra. The fiber is equivalent in structure to Fiber 3 
in Figure 4. 



The attenuation of the fibers is in the range 12.5 to 9.9 dB/km at 1.55 nm and there is no sign of confinement or 
bending loss at this wavelength. 

As the structure of the fiber features three-fold symmetry, there is no inherent birefringence to the design. In prac- 
tice, however, the fibers exhibit a birefringence on the order of 10" s - !0~* (measured by the fixed-analyzer method). 
The birefringence is believed to arise from asymmetry in the doped regions and stress, induced by the difference in 
thermal expansion coefficients and viscosity of the core elements. 

3. Conclusion 

We have demonstrated a novel type of nonlinear photonic crystal fiber with a triangular hybrid core region. By tun- 
ing the hole-size and pitch we have demonstrated how the dispersion of the fiber can be designed, and fibers with 
negative, positive as well as near zero dispersion slope have been fabricated. The lowest slope obtained is MO' 3 
ps/(kmnm 2 ) which is one order of magnitude lower than conventional slope reduced nonlinear fibers. This ultra low 
slope fiber has a nonlinear coefficient of 1 1 .2 (W-km)* 1 . The fibers exhibit a loss down to 9.9 dB/km at 1 .55 um and 
can be spliced to standard single-mode step-index fibers with a loss of only 0.25 dB. The structural uniformity in the 
length direction is better than 1 % over 500m. 
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